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a  b  s  t  r  a  c  t
The  aim of  this  study  was  to evaluate  the effect  of prenatal  exposure  to lead,  cadmium  and mercury  levels
on  the  secondary  sex  ratio.  Whole  blood  samples  were  collected  from  pregnant  women  enrolled  in the
Avon  Longitudinal  Study  of Parents  and  Children  (ALSPAC)  study  at a median  gestational  age  of  11 weeks
and were  analyzed  for  lead,  cadmium  and  mercury.  Regression  analysis  was  used  to  identify  associations
between  maternal  lead,  cadmium  and mercury  levels  and  the secondary  sex  ratio  with  adjustment  for
confounders.  There  was  no  evidence  for associations  between  maternal  lead,  cadmium  or mercury  levels
and the  secondary  sex  ratio  in this  sample.  It  appears  unlikely  that  alterations  in the  secondary  sex  ratio
are  inﬂuenced  by  exposure  to heavy  metals,  but further  work  should  be done  in large  cohorts  in  other
countries  to conﬁrm  these  ﬁndings.
© 2014  Published  by Elsevier  Inc. This  is an  open  access  article  under  the  CC  BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction
Many countries have seen a decline in the relative number of
male infants born in recent years [1–4]. This decline could reﬂect
a differential loss of male fetuses from spontaneous abortions:
exposure to environmental stressors during particular ‘windows’
of embryonic development can undermine the successful implan-
tation of the embryo [5] and male fetuses are known to be more
vulnerable to the effects of stressors in utero. These stressors
could include, for example maternal smoking [6], sex-related gene
methylation differences [7] and/or sex-related differences in the
hormonal milieu. Environmental chemicals acting as endocrine
disruptors, such as dioxins, polychlorinated biphenyls and hex-
acholorbenzene, may  also play a role in the secondary sex ratio
[8–10]. Lead (Pb), cadmium (Cd) and mercury (Hg) can function as
endocrine disruptors as Pb and Hg have been shown to have anti-
oestrogenic effects, whereas Cd seems to have both oestrogenic and
androgenic effects [11–14].
Pb in particular is a well known reproductive toxicant,
with exposure being associated with adverse effects on sperm
counts and morphology in men  [15,16] and an increased rate of
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spontaneous abortion in women [17,18]. The speciﬁc effects of
maternal Pb exposure on the secondary sex ratio have been lit-
tle studied, but a recent study on a large cohort of women in
Mexico found no consistent association between several measures
of maternal Pb and the secondary sex ratio [19]. There have been
no studies on the association of fetal exposure to Cd on the sec-
ondary sex ratio to our knowledge. With regard to Hg, evidence is
limited to a study on exposure to methylmercury pollution in the
1950s, which resulted in an excess of female offspring from affected
mothers resident in Minamata City in Japan, largely through con-
sumption of contaminated ﬁsh [20].
The aim of our study was to determine the effect of maternal
blood Pb, Cd and Hg levels on the secondary sex ratio in a large
cohort of mother–infant pairs in the Avon Longitudinal Study of
Parents and Children (ALSPAC) in the UK.
2. Methods
2.1. The ALSPAC study
The study sample was  derived from the ALSPAC study, a
population-based study investigating environmental and genetic
inﬂuences on the health, behavior and development of children.
All pregnant women  in the former Avon Health Authority with
an expected delivery date between 1 April 1991 and 31 December
1992 were eligible for the study; 14,541 pregnant women  were ini-
tially enrolled, resulting in a cohort of 14,062 live births [21]. The
social and demographic characteristics of this cohort were similar
http://dx.doi.org/10.1016/j.reprotox.2014.03.011
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to those found in UK national census surveys [22]. Further details
of ALSPAC are available at www.bris.ac.uk/alspac.
2.2. Ethics approval
Ethics approval for the study was obtained from the ALPAC
Ethics and Law Committee and Local Research Ethics Committees.
2.3. Questionnaires
The mothers received four postal self-completion question-
naires during pregnancy. The questionnaires are available from
the study website (http://www.bristol.ac.uk/alspac/researchers/
resources-available/data-details/questionnaires/). Information
collected included data on maternal and paternal age, and parity.
2.4. Sex of the infant
The sex of the infant was recorded at birth. If this could not be
determined, for example following early pregnancy loss, then the
mother was excluded from the analysis.
2.5. Collection, storage and analysis of blood samples
Whole blood samples were collected in acid-washed vacutain-
ers (Becton and Dickinson, Oxford, UK) by midwives as early as
possible in pregnancy. The median gestational age at the time of
blood sampling was 11 weeks (interquartile range 9–13 weeks).
Whole blood samples were stored in the original tube at 4 ◦C at the
collection site before being transferred to the central Bristol labora-
tory within 1–4 days. Samples were at ambient temperature during
transfer (up to 3 h). They were then stored at 4 ◦C until analysis.
Inductively-coupled plasma mass spectrometry in standard
mode (R. Jones, Centers for Disease Control and Prevention (CDC),
Bethesda, MD,  USA CDC; Method 3009.1) was used to measure
blood levels with appropriate quality controls [23]. The analyses
were completed on 4285 women for Pb, 4286 women for Cd and
4134 women for Hg. One sample had a Pb level below the limit
of detection (0.24 g/dl), 1119 for Cd (0.20 g/l) and one for Hg
(0.24 g/l). These samples were assigned a value of 0.7 times the
lower limit of detection (limit of detection/
√
2 to reﬂect the log-
normal distribution [24,25]).
2.6. Statistical analyses
All statistical analyses used SPSS v 18. The secondary sex ratio
was compared categorically, with categories reﬂecting national
guidelines where available [26], as follows. Categories of maternal
Pb <5 or ≥5 g/dl were chosen as 5 g/dl is the US recommen-
dation for the level of concern in pregnancy [27,28]. Categories of
maternal Cd <1 or ≥1 g/l were chosen as 1 g/l is the only national
level of concern available to our knowledge (German Federal Envi-
ronmental Agency; recommendation for adults aged 18–69 years)
[29]. Maternal Hg <5.8 or ≥5.8 was chosen as 5.8 g/l is the level
of concern recommended for adults by the USA on the basis that
it is the blood level equivalent to the US Environmental Protec-
tion Agency’s maximum oral reference dose [30]. Data on Hg levels
were also analyzed according to the recommendation of Germany’s
Federal Environmental Agency of a level of concern of 2 g/l [29],
which is for adults aged 18–69 years old eating ﬁsh ≤3 times per
month. The chi-square test was used to analyze categorical data.
Following the method of Jarrell et al. [19], maternal Pb, Cd and Hg
levels were divided into quintiles. Analysis of variance was used to
identify any trends across the quintiles. Adjusted logistic regression
analysis was used to identify any trend in the odds ratio for being
male across the quartiles of maternal Pb, Cd and Hg levels with
adjustment for parity, and maternal and paternal age.
3. Results
The characteristics of the subsample of the ALSPAC population
have been reported [23]. In brief, the subsample had slightly higher
educational attainment (p = 0.004, chi-square test) and tended to be
slightly older (p < 0.001, chi square test) than the rest of the ALSPAC
sample, but there were no other statistically signiﬁcant differences.
The ALSPAC study as a whole enrolled 5538/11,008 (50.3%) male
children. The percentage of boys born to mothers in the subsample
analyzed here was  slightly greater (2251 male/2081 female; 51.9%)
than in the whole sample.
The overall secondary sex ratio was 1.08. There were no sta-
tistically signiﬁcant differences in the blood levels of Pb, Cd or
Hg for mothers giving birth to girls versus boys (Pb: 3.70 ± 1.49
vs 3.65 ± 1.44 g/dl, p = 0.264; Cd: 0.57 ± 0.64 vs 0.58 ± 0.63 g/l,
p = 0.553; Hg: 2.08 ± 1.09 vs 2.06 ± 1.12 g/l, p = 0.645; t tests).
There were no statistically signiﬁcant differences in the sec-
ondary sex ratios for categorical analyses of the maternal levels
of Pb, Cd or Hg (Table 1).
In logistic regression models adjusted for maternal and pater-
nal age and parity there were no signiﬁcant differences in the odd
ratios of having a male child for quintiles 2, 3, 4 or 5 compared with
quintile 1 for maternal Pb, Cd or Hg level (Table 2). There were
no discernible trends in the secondary sex ratio across quintiles
of maternal levels for Cd or Hg but there was slight evidence for
a decline in the sex ratio in the third quintile for Pb (p values for
trends p = 0.036, p = 0.809, p = 0.715 for Pb, Cd or Hg, respectively;
ANOVA) (Table 2). However, it should be noted for Cd that the large
number of women with levels below the limit of detection meant
that there was  an excess of individuals in quintile 1 (Table 2).
4. Discussion
We  did not ﬁnd any evidence of any effects of Pb, Cd or Hg levels
on the secondary sex ratio in this study, with the exception of some
evidence suggesting a decline in the ratio in the third quintile for
Pb: this effect was  not evident in the adjusted logistic model. The
effect of Cd has not been studied before to our knowledge, and that
of Hg is limited to a single study where exposure was  likely to have
been extremely high following industrial pollution, although not
quantiﬁed [20]. In that study, there was  a decline in the secondary
sex ratio that was associated with an increase in male fetal deaths.
With regard to Pb, paternal occupational Pb exposure has been
reported to cause an excess of female offspring [31,32]. It has been
proposed that this excess is caused by low paternal testosterone
and/or high gonadotropin levels at conception [33,34]. We  were
not able to measure paternal levels of Pb, Cd and Hg and so were
unable to evaluate their association with the secondary sex ratio.
However, maternal Pb levels might also be affected by the father’s
occupational exposure as a secondary effect, and this might provide
an additional or perhaps alternative mechanism for the reported
effect on the secondary sex ratio. Other studies have found no effect
of paternal [35–37] or maternal [37] occupational exposure on the
secondary sex ratio. To our knowledge, there has only been one
previous systematic study of the direct effect of maternal blood Pb
level on the secondary sex ratio [19]. The association was explored
in a large study in Mexico, where there has been a dramatic decline
in the sex ratio in the past 50 years. Concurrently, lead exposure in
Mexico has been high due to the use of traditional Pb-glazed ceram-
ics and leaded petrol. Several measures of Pb burden (maternal
blood, cord blood, maternal tibia, maternal patella) were studied
in 1980 pregnant women  in 1994–1995 and 1997–2001. Using
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Table  1
Categorical analysis of sex ratio according to maternal Pb, Cd and Hg levels during pregnancy in the ALSPAC study (1991–1992).
Category p value (chi-square test)
Maternal Pb (g/dl)a <5 ≥5
Male/female, n (% male) 1925/1778 (52.0) 326/303 (51.3)
Secondary sex ratio 1.08 1.03 0.942
Maternal Cd (g/l)b <1 ≥1
Male/female, n (% male) 1811/1695 (51.6) 438/383 (53.3)
Secondary sex ratio 1.07 1.14 0.381
Maternal Hg (g/l)c <5.8 ≥5.8
Male/female, n (% male) 2145/1992 (51.8) 23/17 (57.2)
Secondary sex ratio 1.08 1.35 0.477
Maternal Hg (g/l)c <2.0 ≥2.0
Male/female, n (% male) 1213/1113 (52.1) 947/890 (51.6)
Secondary sex ratio 1.09 1.06 0.701
Categories were chosen to reﬂect the available national guidelines [26].
a Categories for Pb were based on the US recommendation for the levels of concern in pregnancy [27,28].
b Categories for Cd were based on the German Federal Environmental Agency’s levels of concern for adults ages 18–69 years [29].
c Two categories for Hg were analyzed: 5.8 g/l is the level of concern recommended for adults by the US Environmental Protection Agency [30]; 2.0 g/l is the level of
concern for adults aged 18–69 years eating ﬁsh ≤3 times per month recommended by the German Federal Environmental Agency [29].
Table 2
Sex of infant and odds ratios for male child by quintiles of maternal Pb, Cd or Hg levels during pregnancy in the ALSPAC study (1991–1992).
Quintiles of maternal blood level
1 2 3 4 5
Maternal Pb
Male, n (%) 459 (53.1) 485 (55.5) 416 (48.1) 444 (51.2) 447 (51.8)
Secondary sex ratio 1.13 1.24 0.93 1.05 1.07
Maternal blood Pb (g/dl), median (range) 2.11 (0.20–2.53) 2.82 (2.54–3.11) 3.42 (3.12–3.71) 4.13 (3.71–4.63) 5.90 (4.64–19.14)
n  865 879 868 870 868
Odds  ratio for male child (95% CI)a 1 (reference) 1.04 (0.86, 1.42) 0.90 (0.70, 1.15) 1.01 (0.79, 1.30) 1.06 (0.82, 1.37)
Maternal Cd
Male, n (%) 581 (52.3) 311 (52.0) 454 (50.9) 445 (52.4) 461 (53.6)
Secondary sex ratio 1.05 1.08 1.03 1.10 1.16
Maternal blood Cd (g/l), median (range) 0.14 (0.14–0.14) 0.22 (0.20–0.24) 0.30 (0.25–0.37) 0.60 (0.38–0.95) 1.67 (0.96–6.30)
n  1135 598 895 856 867
Odds  ratio of for male child (95% CI)a 1 (reference) 0.97 (0.76, 1.24) 1.08 (0.85, 1.37) 1.08 (0.85, 1.45) 1.11 (0.85, 1.45)
Maternal Hg
Male, n (%) 427 (51.4) 448 (53.3) 434 (51.7) 439 (52.9) 422 (50.2)
Secondary sex ratio 1.06 1.15 1.07 1.12 1.01
Maternal blood Hg (g/l), median (range) 0.95 (0.24–1.24) 1.44 (1.25–1.63) 1.86 (1.64–2.07) 2.36 (2.08–2.71) 3.73 (2.72–12.76)
n  836 840 844 835 841
Odds  ratio for male child (95% CI)a 1 (reference) 1.00 (0.75, 1.31) 1.00 (0.76, 1.31) 0.99 (0.75, 1.30) 0.87 (0.66, 1.15)
a Logistic regression models adjusted for maternal and paternal age, and parity.
logistic regression models (adjusted for infants’ year of birth,
maternal age and parity, but not paternal age) similar to the logis-
tic model reported here, no consistent associations between any
of the measures and the secondary sex ratio were found. This is in
accordance with the ﬁnding in our study, although we measured
maternal blood lead level only.
The strength of our study lies in the large number of participants
that we were able to include. However, the number of participants
is low with regard to the traditional determination of secondary
sex ratios, which are usually done at a country or state level and
include many thousands of individuals. A further strength is the
measurement of blood levels of Pb, Cd and Hg in the ﬁrst trimester
of pregnancy: blood levels are likely to reﬂect recent exposure and
the samples were taken close to both the time of conception and
the likely time for early pregnancy loss. The results for Cd should be
interpreted with caution as many of the results were below the limit
of detection. For Pb, comparison with the study of Jarrell et al. [19] is
limited by the greater exposure to Pb in their participants (median
blood Pb in quintile 5 13.1 g/dl vs 5.44 g/dl in the present study).
The mean levels of Pb, Cd and Hg may  have been too low to show
any effect, but they are broadly indicative of levels in similar Euro-
pean countries [26] and the secondary sex ratio has been reported
as changing in European countries such as Denmark [4] and the
Netherlands [3]. It is likely that there are many other environmental
exposures and other factors inﬂuencing the sex ratio that were
unable to account for in our models. Further work should be done in
large cohorts in other countries to conﬁrm our ﬁndings: the validity
of further work could be strengthened with data on exposures to
other chemicals that might also affect the secondary sex ratio and
data on sex hormones during pregnancy.
5. Conclusion
We found no evidence for any effects of maternal levels of Pb,
Cd or Hg on the secondary sex ratio in this study and conclude that
it is unlikely that these metals make any signiﬁcant contribution to
the commonly observed decline in the secondary sex ratio.
Funding
The UK Medical Research Council and the Wellcome Trust (Grant
ref: 092731) and the University of Bristol provide core support for
ALSPAC. The assays of the maternal blood samples were carried
out at the Centers for Disease Control and Prevention (R. Jones)
with funding from NOAA. C.M. Taylor was supported by a Daphne
Jackson Trust Fellowship sponsored by the University of Bristol.
140 C.M. Taylor et al. / Reproductive Toxicology 46 (2014) 137–140
Conﬂict of interest
There are no conﬂicts of interests to declare for any of the
authors.
Acknowledgements
We are extremely grateful to all the families who took part in
the study, the midwives for their help in recruiting them, and the
whole ALSPAC team, which includes interviews, computer and lab-
oratory technician, clerical workers, research scientists, volunteers,
managers, receptionists and nurses. We  thank R. Jones for labora-
tory analyses. The publication is the work of the authors who  will
serve as guarantors for the contents of the paper.
Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.reprotox.2014.03.011.
References
[1] Allan BB, Brant R, Seidel JE, Jarrell JF. Declining sex ratios in Canada. Can Med
Assoc J 1997;156:37–41.
[2] Grech V, Vassallo-Agius P, Savona-Ventura C. Secular trends in sex ratios at
birth in North America and Europe over the second half of the 20th century. J
Epidemiol Commun Health 2003;57:612–5.
[3] van der Pal-de Bruin KM,  Verloove-Vanhorick SP, Roeleveld N. Change in
male:female ratio among newborn babies in Netherlands. Lancet 1997;
349:62.
[4] Moller H. Change in male:female ratio among newborn infants in Denmark.
Lancet 1996;348:828–9.
[5] Kochhar HP, Peippo J, King WA.  Sex related embryo development. Theriogenol-
ogy 2001;55:3–14.
[6] Zaren B, Lindmark G, Bakketeig L. Maternal smoking affects fetal growth more
in  the male fetus. Paediatr Perinatal Epidemiol 2000;14:118–26.
[7] Murphy SK, Adigun A, Huang Z, Overcash F, Wang F, Jirtle RL, et al. Gender-
speciﬁc methylation differences in relation to prenatal exposure to cigarette
smoke. Gene 2012;494:36–43.
[8] Mocarelli P, Gerthoux PM,  Ferrari E, Patterson Jr DG, Kieszak SM,  Brambilla
P,  et al. Paternal concentrations of dioxin and sex ratio of offspring. Lancet
2000;355:1858–63.
[9] Jarrell JF, Gocmen A, Akyol D, Brant R. Hexachlorobenzene exposure
and  the proportion of male births in Turkey 1935–1990. Reprod Toxicol
2002;16:65–70.
[10] Weisskopf MG,  Anderson HA, Hanrahan LP, Great Lakes C. Decreased sex ratio
following maternal exposure to polychlorinated biphenyls from contaminated
Great Lakes sport-caught ﬁsh: a retrospective cohort study. Environ Health
2003;2:2.
[11] Byrne C, Divekar SD, Storchan GB, Parodi DA, Martin MB.  Cadmium – a metal-
lohormone? Toxicol Appl Pharmacol 2009;238:266–71.
[12] Martin MB, Reiter R, Pham T, Avellanet YR, Camara J, Lahm M, et al.
Estrogen-like activity of metals in MCF-7 breast cancer cells. Endocrinology
2003;144:2425–36.
[13] Aquino NB, Sevigny MB, Sabangan J, Louie MC.  The role of cadmium and nickel
in  estrogen receptor signaling and breast cancer: metalloestrogens or not? J
Environ Sci Health 2012;30:189–224.
[14] Young PC, Cleary RE, Ragan WD.  Effect of metal ions on the binding of 17beta-
estradiol to human endometrial cytosol. Fertil Steril 1977;28:459–63.
[15] Apostoli P, Kiss P, Porru S, Bonde JP, Vanhoorne M.  Male reproductive toxicity
of  lead in animals and humans. ASCLEPIOS Study Group. Occup Environ Med
1998;55:364–74.
[16] Bonde JP, Joffe M,  Apostoli P, Dale A, Kiss P, Spano M, et al. Sperm count and
chromatin structure in men  exposed to inorganic lead: lowest adverse effect
levels. Occup Environ Med  2002;59:234–42.
[17] Borja-Aburto VH, Hertz-Picciotto I, Rojas Lopez M, Farias P, Rios C, Blanco J.
Blood lead levels measured prospectively and risk of spontaneous abortion.
Am J Epidemiol 1999;150:590–7.
[18] Hertz-Picciotto I. The evidence that lead increases the risk for spontaneous
abortion. Am J Ind Med 2000;38:300–9.
[19] Jarrell JF, Weisskopf MG,  Weuve J, Tellez-Rojo MM,  Hu H, Hernandez-
Avila M.  Maternal lead exposure and the secondary sex ratio. Hum  Reprod
2006;21:1901–6.
[20] Sakamoto M,  Nakano A, Akagi H. Declining Minamata male birth ratio associ-
ated with increased male fetal death due to heavy methylmercury pollution.
Environ Res 2001;87:92–8.
[21] Boyd A, Golding J, Macleod J, Lawlor DA, Fraser A, Henderson J, et al. Cohort
proﬁle: the ‘Children of the 90s’ – the index offspring of the Avon Longitudinal
Study of Parents and Children. Int J Epidemiol 2013;42:111–27.
[22] Fraser A, Macdonald-Wallis C, Tilling K, Boyd A, Golding J, Davey Smith G, et al.
Cohort proﬁle: The Avon Longitudinal Study of Parents and Children: ALSPAC
mothers cohort. Int J Epidemiol 2013;42:97–110.
[23] Taylor CM,  Golding J, Hibbeln J, Emond AM. Enviromental factors in relation to
blood lead levels in pregnant women in the UK: the ALSPAC study. PLoS ONE
2013;8:e72371.
[24] Centers for Disease Control and Prevention. Third National Report on
Human Exposure to Environmental Chemicals 2005. NCHE Pub. No. 05-0570.
Available at: http://www.jhsph.edu/research/centers-and-institutes/center-
for-excellence-in-environmental-health-tracking/Third Report.pdf
[25] Hornung R, Reed LD. Estimation of average concentration in the prescence of
nondetectable values. Appl Occup Environ Hyg 1990;5:46–51.
[26] Taylor CM,  Golding J, Emond AM.  Lead, cadmium and mercury levels in preg-
nancy: the need for international consensus on levels of concern. J Dev Origins
Health Dis 2014;5:16–30.
[27] Centers for Disease Control and Prevention. In: Ettinger AS, Wengrovitz AG,
Portier C, Brown MJ,  editors. Guidelines for the identiﬁcation and management
of  lead exposure in pregnant and lactating women. Atlanta, GA,. 2010. Available
at:  http://www.cdc.gov/nceh/lead/publications/LeadandPregnancy2010.pdf
[28] American College of Obstetricians and Gynecologists. Lead screening during
pregnancy and lactation. Committee Opinion number 533; 2013, http://www.
acog.org/∼/media/Committee%20Opinions/Committee%20on%20Obstetric%20
Practice/co533.pdf?dmc = 1&ts=20131007T0412098105.
[29] Schulz C, Angerer J, Ewers U, Kolossa-Gehring M.  The German human biomon-
itoring commission. Int J Hyg Environ Health 2007;210:373–82.
[30] US Environmental Protection Agency. Mercury; 2012. Available at:
http://www.epa.gov/mercury/exposure.htm
[31] Ansari-Lari M,  Saadat M,  Hadi N. Inﬂuence of GSTT1 null genotype on the off-
spring sex ratio of gasoline ﬁlling station workers. J Epidemiol Commun Health
2004;58:393–4.
[32] Simonsen CR, Roge R, Christiansen U, Larsen T, Bonde JP. Effects of paternal
blood lead levels on offspring sex ratio. Reprod Toxicol 2006;22:3–4.
[33] Dickinson H, Parker L. Do alcohol and lead change the sex ratio? J Theor Biol
1994;169:313–5.
[34] James WH.  Paternal lead exposure, offspring birth weight, and sex ratio. Am J
Ind Med 1997;32:315–6.
[35] Min  YI, Correa-Villasenor A. Paternal lead exposure may  be a risk factor for low
birth weight independent of infant sex. Am J Ind Med  1997;32:316.
[36] Min  YI, Correa-Villasenor A, Stewart PA. Parental occupational lead exposure
and low birth weight. Am J Ind Med  1996;30:569–78.
[37] Irgens A, Kruger K, Skorve AH, Irgens LM.  Reproductive outcome in off-
spring of parents occupationally exposed to lead in Norway. Am J Ind Med
1998;34:431–7.
